In recent years, an innovative approach has been proposed in using two ground-based synthetic aperture radars to simultaneously monitor slope stability (Severin et al. 2011; 2014 
Introduction
One of the greatest challenges in open pit mines is to recognise potential for instabilities in order to guarantee safety of personnel and to maximise ore extraction. For most of the mining companies, this is carried out by personnel through the monitoring of surface displacements using visual observations, geodetic prisms, radar, and deep deformations using inclinometers and extensometers (Hawley et al. 2009 ). Traditionally, surface movements have been monitored using prism data. This offers the advantage of having a wide coverage of the mine and provides accurate information about the magnitude and direction of the movements. However, the technique is limited by the fact that prism data are single point measurements which may be widely spaced (more than 20 m). Moreover, targets can be damaged or lost and there may be difficulty having access to the surface and replacing them (Little 2006) . For these reasons, more often radar monitoring is becoming increasingly popular in the industry. Radar monitoring allows one to obtain a full coverage of critical areas, in nearly real-time acquisition and high precision.
The technology of the radar is based on the detection of distance and direction by transmitting and receiving electromagnetic waves. The distance is simply evaluated using the difference in time (time of flight) between the transmission and the reception of the signal pulse. On the other hand, the direction estimation depends on the technology used. A first class of radars (real aperture radar) consists of a large high gain antenna, rotating to scan all directions. Another type of radar is the synthetic aperture radar, using a low gain antenna moving along a guide to simulate a large antenna (Pieraccini 2013) .
A significant limitation though, independently of the radar used, is that this instrument can only measure the variation of the distance towards it line-of-sight (LOS). This implies that the full 3D direction of movements cannot be obtained and, in the case of complex multi direction instabilities, may lead to partially underestimating the displacements. In order to overcome these limitations, Severin et al. (2014) have proposed an advanced monitoring technique, using two ground-based synthetic aperture radar systems simultaneously. As a precaution, a buttress has been left at the base of the slope in order to prevent additional development of the instability while mining. As Century progresses to the end of the mine plan, mining operations in the area has been completed, with a slope height of 300 m and overall angle of 40°. Surface deformations were monitored by geodetic prisms and one real aperture radar. Due to the deformation occurring on the wall, local areas of the prism network have been destroyed and surface data of these areas are available only from the radar. The aim of the research was to obtain more detailed information about the direction of movements for those areas of the pit wall.
SW wall rock slope instability

Geotechnical setting
The SW wall is developed within the footwall sequence and is characterised by three main geotechnical units: lower footwall (LFW), upper footwall (UFW) and carbonate breccia domain (CBX) (Figure 1 ). The LFW is dominated by black carbonaceous shales, a tight and fair rock mass with distinctive bedding but indistinct other structures. In comparison, the UFW comprises black laminated shales, a more competent rock mass with distinctive laminated bedding (Hendersonhall et al. 2010 ). Both shale types exhibit highly anisotropic behaviour, are low strength rocks (~30 MPa), and are affected by continuous fracturing and occasional bedding shears (Kurukuk & Sweeney 2012 ). Pandora's fault, a deposit scale major structure, represents the boundary between these two domains. Moreover, along this fault a massive block of intrusive carbonate breccia (CBX) outcrops. The presence of discordant veins of breccia along pre-existing fractures/faults is not unusual at Century, with widths varying from 0.1 to 34 metres (Waltho & Andrews 1993) .
Figure 1 Overview of SW wall (modified from MMG Limited geotechnical team)
Pandora's fault represents one of the dominant geological structures in the SW corner. It is a gently to moderately north dipping, east-west (EW) striking normal fault, which displaces the ore body into two major blocks. It has been interpreted as a scissor fault, with displacement varying along the strike from zero at the eastern margin of the deposit to over 300 m at the western margin (Broadbent et al. 2002) . However, in the SW corner, Pandora's Fault displays a sharp change in orientation from a strike of EW to north-west (NW). The area is also characterised by the presence of a set of EW striking north dipping subvertical structures. One of those structures, known as Page Creek Fault, has contributed to the local rotation of bedding and joint sets, resulting in the formation of a highly sheared and fractured block (Kurukuk & Sweeney 2012) .
Current prisms and radar monitoring
Surface monitoring is performed throughout 80 geodetic prisms and one ground-based real aperture radar (Figure 2 ). Looking at the areas where the majority of displacements are concentrated, the prisms network is particularly well spaced around the crest of the pit and the CBX block, while part of the slope is not covered and data are only available from the radar unit.
Historically, the pit wall is particularly active during the wet season, between November and March, with the total amount of displacement reaching up to several metres. During the dry season, the residual rates of movement are around 1 mm per day. The largest deformations are concentrated in the top part of the pit wall and in the CBX block, while the buttress has not shown any significant movements outside of localised small scale instabilities. Geotechnical investigations have outlined that those movements are related to wedge/sliding mechanisms along bedding planes, associated with stress release along faults and joint sets (Kurukuk & Sweeney 2012) . Parts of the instability have been reduced by the presence of the CBX block, acting as a natural buttress and slowly being pushed out in a toppling manner.
A clear image of the surface deformations has been obtained by combining information from both prism and radar monitoring. In Figure 2 , as an example, data recorded from 1 to 6 March were imported and visualised using the software mXrap 4.1.9 (Harris & Wesseloo 2015) . The image obtained allows one to identify at least four homogeneous zones, based on the direction and magnitude of displacements (Table 1) .
Moreover, for each area an evaluation of the underestimation of the radar measurements was determined, projecting the displacement vector from the prisms along the LOS though the following formula:
where:
= projection of vector u on v.
= displacement vector from prism.
= LOS vector. Two particular aspects can be noticed:
 Near the crest of the pit there is an underestimation of the radar measurements between 20 and 30%.
 It can be observed that there is a rotation of the displacement vector between the crest and the surface above the CBX, but unfortunately no boundaries can be identified between the two areas.
Experimental set-up and data interpretation
For the experiment, two Reutech ground-based real aperture radars were deployed. The first instrument was located between 500 and 970 m from the SW wall, with a resolution of measurement grid of approximately 3.6 × 6 m. The second unit was placed at the top of the east pit wall, with a distance from the SW wall between 780 and 1,250 m and a resolution of approximately 4.9 × 7 m. This site was chosen in order to be aligned with the direction of the movement at the crest of the pit and to provide a good overlap between the two radar measurements.
The first radar has been continuously recording in the same position since February 2014, while the second instrument was only deployed from the 25 October to 3 November 2014. For this reason, the two datasets were first resampled in time, in order to synchronise the measurements on the same time window. The dates chosen were between the 25 October at 1710 h and 30 October at 2350 h, with a time difference between instruments of only few minutes. Subsequent to that, the measurement grids were projected onto the digital elevation model (DEM) to provide consistent points.
The data were imported in mXrap and the displacements for the time window selected were calculated for each radar unit and visualised in 3D (Figure 3) . One of the first challenges was to match the two grids. For this reason, an algorithm was implemented. Site 2 data were used as a master grid, as the spacing between the points is greater, while Site 1 was used as a slave grid. For each point of the master grid, the algorithm searches for the closest 20 points within 10 metres and calculated the inverse distance weighted average displacement. Once the calculation was done, the value was mapped on the relative point of the master grid. In this way, it was possible to match 3,705 points on a common grid.
Figure 3 Radar measurements from Sites 1 and 2
As proposed by Severin et al. (2014) , the displacement vectors along the LOS and the planes perpendicular to LOS were calculated. In absence of a third radar unit to get a third plane and solve the mathematic solution, a first attempt was done following the former work method. For each point of the two grids the z-component of the displacement along the LOS was calculated. Then, the elevation values for the two radars were weighted based on the total displacement. Those value were used to obtain the third plane of equation z = weighted elevation value.
In order to verify the quality of the method, the results were compared with the available prism data. The analysis has shown that there is a good correlation between the magnitude and azimuth from the prism and the surrounding points on the grid. Generally, the errors are within 10%. However, the dip is highly underestimated (more than 80%). The main reason is due to the fact that except in the CBX block the vector of movement are steeper than the LOS, with a consequent partially underestimation the elevation values.
In order to overcome this limitation, a different approach was explored. An algorithm was created to interpolate the difference in elevation from the prism network (Figure 4 ). For each point of the grid the software searches for the closest five prisms within 100 m. Then, the elevation value is weighed based on the inverse distance and mapped on the grid. Finally, the value obtained was combined with the two radar measurements in order to solve the triangulation. 
Discussion
As a result of the analysis discussed in Section 3, the experimental method has allowed us to produce a full 3D displacement map for the slope ( Figure 5 ). For each point of the grid not only the magnitude, but also the vector of movement can be observed. A comparison with the prism available has shown that there was a good correlation of the data (error within 10%) and the issues with the underestimation of the dip of the vector have been overcome.
However, it is still important to notice that a few sources of error cannot be ignored:
 The elevation variation has been estimated from the prism data and the accuracy in the z-component is lower than in x and y.
 Reflection of the radar signal and consequently accuracy of the measurements are a function of the angle of incidence with the slope (Figure 6 ). This is quite clear on the bottom left part of Figure 5 , where the prisms and radar monitoring don't match at all due to the acute reading angle. It can be observed from Figure 5 , that the slope can be divided in eight different sub-areas, based on the direction of vector movements. For each area, the average displacement for the period was considered and the displacement vectors calculated ( Table 2) .
The results of the experiment highlighted the very complex kinematics of the slope. Surface deformations are more likely related to the weathering processes affecting the shales, causing the breaking down of the rocks. Different authors (Taylor & Smith 1986; Walkinshaw & Santi 1996; Alonso & Pineda 2006) have outlined how shales are subjected to disintegration and strength reduction, caused by unloading and the wetting/drying cycle. Swelling of clay minerals can rapidly deteriorate rock properties, generating severe damage to the rock mass near the surface. This kind of process can also be observed in the shales at Century. After a few months that core samples are left in an exposed environment, they appear totally disintegrated. That could be explained by the abundance of montmorillonite in the rock that facilitates the absorption of water and subsequent expansion of the clay minerals. 
